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An important problem in mass isotopomer abundance mass spectrometry (MIAMS) is the
dependence of measured mass isotopomer abundances on sample concentration. We have
evaluated the role of ionization energy on mass isotopomer abundance ratios of methyl
palmitate as a function of sample concentration. Ionization energy was varied using electron
impact ionization (EI) and metastable atom bombardment (MAB). The latter generates a beam
of metastable species capable of ionizing analyte molecules by Penning ionization. We
observed that ionization of methyl palmitate by EI (70 eV) showed the greatest molecular ion
fragmentation and also showed the greatest dependence of relative isotopomer abundance
ratios on sample concentration. Ionization using the 3P2 and
3P0 states of metastable krypton
(9.92 and 10.56 eV, respectively) resulted in almost no molecular ion fragmentation, and the
isotopomer abundances quantified were essentially independent of sample concentration.
Ionization using the 3P2 and
3P0 states of metastable argon (11.55 and 11.72 eV, respectively)
showed molecular ion fragmentation intermediate between that of EI and MAB(Kr) and
showed an isotopomer concentration dependence which was less severe than that observed
with EI but more severe than that observed with MAB(Kr). The observed decrease in the
dependence of isotopomer abundance on sample concentration with a decrease in molecular
ion fragmentation is consistent with the hypothesis that proton transfer from a fragment cation
to a neutral molecule is the gas phase reaction mechanism responsible for the concentration
dependence. Alternative explanations, e.g., hydrogen abstraction from a neutral molecule to a
molecular cation, is not supported by these results. Moreover, the MAB ionization technique
shows potential for eliminating one source of error in MIAMS measurements of methyl
palmitate, in particular, and of fatty acids methyl esters, in general. (J Am Soc Mass Spectrom
2001, 12, 754–761) © 2001 American Society for Mass Spectrometry
Apowerful technique in physiological research isthe use of isotopically labeled tracers (nonra-dioactive) to quantify in vivo metabolic pro-
cesses. In this technique, subjects or experimental ani-
mals are administered with an isotopically labeled (e.g.,
13C or 2H) molecule which is a precursor in the synthetic
pathway of a biomolecule of interest. Incorporation of
the labeled precursor into the biomolecule alters its
isotopomer abundances. The biomolecule is recovered
from the subject, purified, derivatized for volatilization,
and its isotopomer abundances are measured, often by
selected ion monitoring (SIM), using gas chromatogra-
phy/mass spectrometry (GC/MS). This technique is
commonly referred to as mass isotopomer abundance mass
spectrometry (MIAMS) and has been used to quantify
dynamic processes including intermediary metabolic
fluxes, protein synthetic rates, and cell kinetics in the
human body [1–5]. MIAMS differs from isotope ratio
mass spectrometry (IRMS) in that one measures the
isotopomer abundances of a molecular ion (or a frag-
ment ion which retains the precursor incorporation
information), whereas IRMS requires the conversion of
the sample biomolecule to a light gas (CO2, N2, H2, etc.)
via combustion, pyrolysis, etc., prior to quantitative
analysis of the sample. In addition, the high precision of
IRMS allows measurement of slight variations in natu-
ral (or enriched) isotopic abundances, whereas MIAMS
typically requires significant perturbation of the natural
isotopomer abundances by the administered isotope.
One important rationale for measuring the mass
isotopomer abundances of a molecular ion is that the
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intact molecule contains isotopic information that is lost
if it is converted to a light gas. This is because biosyn-
thetic rates and precursor pool enrichments can be
calculated from the mass isotopomer abundances of a
polymeric biomolecule using combinatorial analysis.
This approach, termed mass isotopomer distribution anal-
ysis (MIDA), interprets the quantitative pattern of mass
isotopomer abundances according to a combinatorial
model based on a binomial and multinomial expansion.
However, such an analysis requires measurement of at
least three mass isotopomers of the molecular ion (or of
a fragment ion which retains two, or more, of the
possible precursor incorporation sites). Any breakdown
of the biomolecule to a light gas results in loss of this
information, making combinatorial calculation of the
precursor pool enrichment impossible [1–3, 6].
A common problem observed with MIAMS is the
effect sample size can have on the accuracy of the
measurement, i.e., a sample concentration dependence
[7]. The cause of the concentration dependence has been
the source of speculation (e.g., gas phase ion/molecule
chemistry in the source, inadequate resolution of the
mass analyzer, detector nonlinearity, etc.) but remains
unknown. Gas phase ion/molecule chemistry appears
to be a significant factor in the concentration depen-
dence observed in MIAMS measurements of fatty acid
methyl esters (FAMES) ionized by electron impact (EI)
[7–10].
Tulloch et al. [10] first noted a significant change in
the isotopomer abundance ratios of FAMES as a func-
tion of sample size and alkyl chain length. They pro-
posed that transfer of a proton from a rearranged
molecular cation to a neutral molecule was responsible
for the concentration dependent changes in the isoto-
pomer abundances. They also noted the possibility that
a fragment cation may also be a reactant cation. Patter-
son et al. [7] were the first to investigate the effect that
sample size can have on the measurement of mass
isotopomer abundances of methyl palmitate. They pro-
posed that gas phase hydrogen abstraction from a
neutral molecule to a molecular cation was responsible
for the concentration dependence. They also found that
increasing the repeller voltage, to reduce ion residence
time, reduced the concentration dependence which was
consistent with the hypothesis that gas phase ion/
molecule chemistry was responsible for the concentra-
tion dependence. Fagerquist et al. concluded that pro-
ton transfer from a fragment cation to a molecule was
the most likely gas phase ion/molecule chemistry con-
tributing to the concentration dependence [8, 9]. The
strongest evidence supporting this hypothesis came
from a significant difference in the ratio of the intensi-
ties of the second and third most abundant isotopomers
of methyl palmitate compared to the ratio of the inten-
sities of the second and third most abundant isoto-
pomers of [4,4-2H2]methyl palmitate as a function of
sample concentration. The difference in isotopomer
ratios between labeled vs. unlabeled methyl palmitate is
most logically explained if deuteron (labeled) vs. proton
(unlabeled) transfer occurred from a McLafferty frag-
ment cation to a neutral molecule [8].
Faubert et al. has demonstrated the selective ioniza-
tion and fragmentation of organic molecules using
metastable species generated by corona discharge out-
side the ionization cell volume (metastable atom bom-
bardment, MAB) [11, 12]. Ionization occurs by a Pen-
ning ionization process [13]. A dramatic decrease in
molecular ion fragmentation was observed when ioniz-
ing with metastable species whose excitation energies
were only slightly greater than the ionization energy of
the analyte molecule, resulting in very little postioniza-
tion fragmentation. In addition, with the MAB tech-
nique, acceptable ionization efficiencies (comparable to
those obtained with EI) were achieved [11, 12].
Working on the assumption that eliminating molec-
ular ion fragmentation would eliminate the concentra-
tion dependence, we have used the MAB ionization
technique to: (i) confirm the reactant ions responsible
for the concentration dependence observed in mass
isotopomer abundance measurements of methyl palmi-
tate; and (ii) reduce (or eliminate) the concentration
dependence in mass isotopomer abundance measure-
ments of methyl palmitate. Our results demonstrate
that the MAB ionization technique has potential in
eliminating one source of error in MIAMS. Portions of
this work were previously presented in abstract form at
an ASMS conference [14].
Experimental
The commercial MAB source (Mark 1), which typically
generates 1015 metastables/s/srad, was from DEPHY
Technologies (Quebec, Canada). The mass spectrometer
used was a double focusing EBE sector-field-time-of-
flight (TOF) mass spectrometer fitted with a 20 kV
off-axis dual-dynode photomultiplier detector (Auto-
spec-oa-TOF, Micromass, UK). The ionization cell of the
mass spectrometer was heated to 200 °C. Methyl palmi-
tate (Aldrich Chemical, Milwaukee, WI) was dissolved
in heptane at varying concentrations and introduced by
splitless injection into a gas chromatograph (HP 5971)
using a 5.0 mL syringe (Hamilton, Reno, NV). Triplicate
injections were made for each measurement. The GC
inlet was heated to 250 °C. The GC capillary column
was a DB-5 (J & W Scientific, Bellafonte, PA): length:
30 m, i.d.: 0.25 mm, film thickness: 0.25 mm. The carrier
gas was helium (99.999% purity). The GC program was
100 °C for 2 min followed by a ramp of 40 °C/min for 5
min followed by 300 °C for 2 min.
We refer to the abundances of a molecular ion
multiplet as the mass isotopomer abundances of the
molecular ion [3]. The mass isotopomer abundance
ratios reported are the normalized relative intensities of
the three most abundant isotopomers (i.e., the three
isotopomers with the lowest m/z). The mass isotopomer
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with the lowest m/z, i.e., the monoisotopic isotopomer
of the molecular ion of methyl palmitate, is designated
M0, where M0 5 IM0/(IM0 1 IM1 1 IM2). The isoto-
pomer with the second lowest m/z is designated as M1
where M1 5 IM1(IM0 1 IM1 1 IM2), and the isotopomer
with the third lowest m/z is designated M2, where M2 5
IM2/(IM0 1 IM1 1 IM2). The theoretical natural abun-
dances of methyl palmitate were calculated using a
mathematical algorithm [1–3]. The abundances of IM0,
IM1, and IM2 were measured using electric-field jump-
ing/selected ion monitoring (EFJ-SIM). The dwell time
on each isotopomer was 30 ms with an interscan time of
10 ms. Instrument resolution was 650 (10% valley
definition) which was more than sufficient to fully
resolve the isotopomers of methyl palmitate at m/z 270,
271, and 272 and avoid “spillover” between adjacent
isotopomers. Ionization was accomplished using elec-
tron impact at 70 eV, the 3P2 and
3P0 states of metasta-
ble argon at 11.55 and 11.72 eV, respectively, and the
3P2 and
3P0 states of metastable krypton at 9.92 and
10.56 eV, respectively. Because of differences in ioniza-
tion efficiency it was necessary to vary the gain of the
detector (EMV) in some cases so as to avoid saturation
of the data acquisition during measurement of the most
abundant isotopomer of methyl palmitate. Full scan
spectra were obtained by magnet scanning at a scan rate
of 0.5 s/decade.
Results
Ionization of Methyl Palmitate by Electron Impact
and Metastable Argon and Krypton
Figure 1 (bottom panel) shows the full scan mass
spectrum of methyl palmitate ionized by EI at 70 eV.
11.9 ng of methyl palmitate was injected. We observe
extensive fragmentation along the alkyl chain as well as
the characteristic fragment ions at m/z 74 and 87 which
are the result of the McLafferty rearrangement [15, 16].
Figure 1 (middle panel) shows the full scan mass
spectrum of methyl palmitate ionized by the 3P2 and
3P0 states of metastable argon (11.55 and 11.72 eV,
respectively). 119 ng of methyl palmitate was injected.
Although ten times as much material was injected, we
observe a decline in ionization efficiency which is due
to the differences in ionization energy between EI and
MAB(Ar) but may also reflect the number of ionizing
electrons versus the number of ionizing metastable
atoms (;1015/srad/s). Figure 1 also reveals that the
molecular ion has increased fourfold relative to the
fragment ions at m/z 74 and 87. In addition, fragment
ions at m/z 55, 57, 59, 69, 71 are absent which suggests
that these ions are the result of high energy fragmenta-
tion channels of the alkyl chain. These observations also
suggest that ionization by MAB(Ar) deposits signifi-
cantly less energy into the molecule than does ioniza-
tion by EI.
Figure 1 (top panel) shows the full scan spectrum of
methyl palmitate ionized by the 3P2 and
3P0 states of
metastable krypton (9.92 and 10.56 eV, respectively).
The molecular ion is the most prominent ion in the
spectrum with the McLafferty fragment ions at m/z 74
and 75 as only minor peaks. The cluster of peaks
centered at m/z 84 and 114 are [Kr]1 and [KrNO]1,
respectively, identifiable from the characteristic isotopic
pattern of krypton. We also observe a very small
amount of fragmentation along the alkyl chain. The
continued presence of the fragment ion at m/z 74 even at
this very low ionization energy suggests that the McLaf-
ferty rearrangement/fragmentation is the lowest energy
fragmentation channel for this molecule.
Mass Isotopomer Abundance Ratios of Methyl
Palmitate as a Function of Sample Concentration
and Ionization Energy
Figure 2 (top panel) shows the normalized isotopomer
abundance of the lowest m/z isotopomer of methyl
palmitate (M0) as a function of sample size and ioniza-
tion energy. We observe a dramatic decline in M0 as a
function of sample size when ionizing by EI (70 eV).
When ionizing by MAB(Ar) the change in M0 with
sample size was much less severe than that observed for
EI. It was necessary to reduce the electron multiplier
voltage when ionizing by EI and for MAB(Ar) (at larger
samples sizes) because of data acquisition saturation for
M0. When ionizing by MAB(Kr), we observed almost no
change in M0 as a function of sample size.
Figure 2 also shows the normalized isotopomer
abundance of the next two higher m/z isotopomers of
methyl palmitate, i.e., M1 and M2. We observed a sharp
increase in both M1 and M2 as a function of sample size
when ionizing by EI. When ionizing by MAB(Ar), the
increase in M1 and M2 with sample size was less severe
than that observed with EI. When ionizing by MAB(Kr),
M1 and M2, like M0, are unaffected by sample size.
Discussion
Three gas-phase ion/molecule reaction mechanisms
have been proposed to explain the concentration depen-
dence of mass isotopomer abundances of methyl palmi-
tate when ionizing by electron impact: (i) hydrogen
abstraction by a molecular cation from a neutral mole-
cule (Figure 3); (ii) proton transfer from a rearranged
molecular cation to a neutral molecule (Figure 4); and
(iii) proton transfer from a fragment cation to a neutral
molecule (Figure 5). The first mechanism, i.e., hydrogen
abstraction, was suggested to occur as a result of
bimolecular reactions between molecular ions and neu-
tral molecules [7]. This mechanism involves initial ion-
ization of the relatively exposed lone pairs of the
carbonyl oxygen by removal of an electron. The molec-
ular ion then collides with the alkyl chain of a neutral
molecule removing a hydrogen atom by abstraction
(Figure 3). These bimolecular reactions would be de-
pendent on the number of ion/molecule collisions in
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the source and would thus depend on the amount of
sample injected as well as the residence time of the ion
in the source. It should be noted that this reaction
mechanism is not facilitated by the ion/dipole interac-
tions that would be present between molecular ion/
molecule collision partners [8, 9].
Figure 2 shows a dramatic reduction in isotopomer
concentration dependence with a reduction in ioniza-
Figure 1. Top panel: Full scan mass spectrum of the ionization of methyl palmitate by the 3P2 and
3P0 states of metastable krypton (9.92 and 10.56 eV, respectively). 119 ng of methyl palmitate injected.
Middle panel: Full scan mass spectrum of the ionization of methyl palmitate by the 3P2 and
3P0 states
of metastable argon (11.55 and 11.72 eV, respectively). 119 ng of methyl palmitate injected. Bottom
panel: Full scan mass spectrum of the ionization of methyl palmitate by electron impact ionization (70
eV). 11.9 ng of methyl palmitate injected.
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Figure 2. Top panel: Normalized isotopomer abundance of isotopomer M0 (m/z 270) of methyl
palmitate as a function of sample size and ionization energy. Middle panel: Normalized isotopomer
abundance of isotopomer M1 (m/z 271) of methyl palmitate as a function of sample size and ionization
energy. Bottom panel: Normalized isotopomer abundance of isotopomer M2 (m/z 272) of methyl
palmitate as a function of sample size and ionization energy.
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tion energy. Little, if any, concentration dependence is
observed when ionizing methyl palmitate by MAB(Kr)
even at very high concentrations where molecular ion/
neutral molecule collision rates would be exceedingly
high. Ionization of methyl palmitate by MAB(Kr) would
appear to occur, almost exclusively, at a lone pair of the
carbonyl oxygen. This conclusion is supported by (1)
the absence of fragmentation along the alkyl chain compared to ionization by MAB(Ar) and EI and (2) the
only fragment ion of significant intensity is the McLaf-
ferty fragment ion at m/z 74, which of necessity, must be
preceded by ionization at a lone pair of the carbonyl
oxygen [15, 16]. In addition, it is known that Penning
ionization typically favors ionization at sites with high
electron density, i.e., compounds or functional groups
which might be classified as Lewis bases [17]. Given
these results, if hydrogen abstraction (molecular ion/
neutral molecule collision partners) is the reaction
mechanism responsible for the general isotopomer con-
centration dependence observed with EI, one would
expect that it should also be present with ionization by
MAB(Kr). In consequence, this reaction mechanism is
unlikely.
The two remaining reaction mechanisms: proton
transfer from a rearranged molecular cation to a mole-
cule (Figure 4) and proton transfer from a fragment
cation to a molecule (Figure 5) are similar in that both
are proton transfer mechanisms, both are preceded by
the same molecular ion rearrangement (i.e., McLafferty
rearrangement) and both mechanisms would be facili-
tated by ion/dipole interactions between reactant ion/
molecule. Unfortunately, it is particularly difficult to
distinguish between a molecular ion and a rearranged
molecular ion since there is no change in m/z. The
critical activation barrier (Ea) of the McLafferty rear-
rangement occurs during intramolecular g-hydrogen
transfer to the ionized carbonyl oxygen via a hexacyclic
transition state (Figures 4 and 5). Ea has been estimated
Figure 3. Hydrogen abstraction from a neutral molecule to a
molecular cation.
Figure 4. Proton transfer from a rearranged molecular cation to
a neutral molecule.
Figure 5. Proton transfer from a fragment cation to a neutral
molecule.
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to be anywhere from 0.2 to 0.8 eV [18, 19]. After
intramolecular hydrogen transfer, formation of the frag-
ment ion at m/z 74 by Ca™Cb bond cleavage is consid-
ered to be activationless and therefore rapid.
A consideration of the energies involved during and
after Penning ionization proves useful. A precise ion-
ization energy for methyl palmitate has not been mea-
sured; however, one can estimate this value semiem-
pirically from recent proton affinity measurements by
Munson and co-workers [20] and using Lias’ formula:
PA(M) 5 C 1 K p IP(M) (1)
where PA(M) is the proton affinity of an ester, IP(M) is
the ionization potential of the molecule, and C and K
are constants (for esters K 5 20.58, C 5 1401 kJ/mol)
[21]. Munson and co-workers recently measured the
proton affinities of long-chain FAMES including methyl
palmitate. They obtained a proton affinity of 850 6 1
kJ/mol for methyl palmitate. Inserting this value into eq
2, we obtain an IP for methyl palmitate of 9.85 eV.
The maximum energy deposited into a molecule
during Penning ionization is finite because it is depen-
dent on the specific quantum states of metastable spe-
cies. The internal energy deposited into a molecule
during Penning ionization can be calculated from the
following equation:
Eint 5 E* 2 IE 2 Ek (2)
where Eint is the energy deposited into the molecule
during ionization, E* is the difference in energy be-
tween the excited and the ground electronic states of
metastable atom, IE is the ionization energy of the
molecule, and Ek is the kinetic energy of the electron
ejected from the metastable atom [17]. The maximum
energy deposited into the analyte molecule during
ionization occurs when the Ek 5 0. The lowest energy
metastable states of krypton are 3P2 and
3P0 at 9.915
and 10.562 eV, respectively [22]. Greater than 95% of the
metastable krypton atoms generated by the MAB
source are in the 3P2 state [11, 12]. Assuming Ek ’ 0, the
energy deposited into a methyl palmitate molecule
during ionization by the 3P2 state of krypton is
Eint 5 9.92 eV 2 9.85 eV 1 0 (3)
Eint 5 0.07 eV (4)
Thus, 0.07 eV is the maximum energy that can be
deposited into a methyl palmitate molecule during
ionization by the 3P2 state of metastable krypton. This
relatively small amount of energy is entirely consistent
with the small amount of molecular ion fragmentation
observed in Figure 1. Note that 0.07 eV is nearly three
times lower in energy than the lowest estimate of Ea [18]
which suggests that the lack of molecular ion fragmen-
tation is the result of insufficient internal energy to
surmount the activation barrier of intramolecular hy-
drogen transfer.
The continued appearance, albeit minor, of the frag-
ment ion at m/z 74 when ionizing by MAB(Kr) may be
due to ionization by the 3P0 state of metastable krypton
which makes up less than 5% of all the metastable
krypton atoms generated by the MAB source [11, 12].
Calculating the energy deposited into a methyl palmi-
tate molecule by this species during ionization, we
obtain
Eint 5 10.56 2 9.85 eV 1 0 (5)
Eint 5 0.71 eV (6)
which is within the 0.2 to 0.8 eV range of Ea [18, 19].
Unfortunately, these calculations cannot completely
rule out the possibility of a rearranged molecular ion as
being responsible for the isotopomer concentration de-
pendence. However, when examining Figure 1 (top
panel to the bottom panel), it is clear that as the
fragment ion m/z 74 increasingly dominates the spectra,
we observe a concomitant increase in the isotopomer
concentration dependence.
Detector Nonlinearity and Its Effects on MIAMS
Measurements
In our previous work, we have documented the effect
which detector nonlinearity can have on MIAMS mea-
surements [8, 9]. In the current measurements, although
we were careful to avoid saturation of the data acqui-
sition when monitoring the most abundant isotopomer
of methyl palmitate (M0), it is still possible that there
could be some nonlinear detector response at high
sample concentrations which could result in underesti-
mation of M0 and, in consequence, overestimation of M1
and M2. However, at high sample concentrations, there
is also a greater likelihood of ion/molecule collisions,
which can result in scattering of the ion beam as well as
ion/molecule chemistry, the cumulative effect of which
would result in a relative increase of M1 and M2 with a
concomitant decrease of M0. Clearly at high sample
concentrations it is difficult to differentiate the effects of
detector nonlinearity and ion/molecule collisions on
MIAMS measurements.
MAB as an Analytical Tool for MIAMS
Measurements
The most important advantage of MAB for MIAMS is
its potential to eliminate error in these measurements
by eliminating fragment ions which can compromise
isotopomer abundance data. Eliminating molecular
ion fragmentation results in a dramatic increase in the
relative signal intensity of the molecular ion com-
pared to fragment ions. However, as the ionization
energy is reduced, the ionization cross section is also
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reduced, thus reducing the ionization efficiency. For
instance, it is apparent from Figure 1 that ionization
of methyl palmitate by MAB(Kr) occurs almost exclu-
sively at the lone pairs of the carbonyl oxygen,
whereas ionization by MAB(Ar) or EI occurs through-
out the entire molecule as evident from fragmenta-
tion throughout the molecule. However, as our re-
sults have shown, ionization of FAMES by EI can
result in ion/molecule chemistry compromising iso-
topomer abundance data. The amount of ion/mole-
cule chemistry which can occur in the ionization cell
of a mass spectrometer will depend on many factors,
e.g., the “tightness” of the cell, the source vacuum,
the residence time of the ions in the cell and, of
course, the amount of sample injected. Our measure-
ments were deliberately performed over a very wide
concentration range (’ 100 –3000 ng) in order to test
the hypothesis regarding the ion/molecule reaction
mechanism responsible for the concentration depen-
dence. Under normal day-to-day circumstances, sam-
ple concentrations over 500 ng are not realistic.
However, we have found that the overall sensitivity
of MAB(Kr) is acceptable for MIAMS measurements
for FAMES at realistic sample concentrations.
Conclusions
The results obtained in this study strongly support
proton transfer (not hydrogen abstraction) as the gas
phase ion/molecule reaction mechanism responsible
for the concentration dependence observed in the mass
isotopomer abundance measurements of FAMES ion-
ized by EI. In addition, the most probable reactant ions
involved are fragment ions (not rearranged molecular
ions) because of the absence of an activation barrier for
Ca™Cb bond cleavage after intramolecular a-hydrogen
transfer. In terms of analytical applications, this study
has demonstrated that the MAB technique can provide
measurement of mass isotopomer abundances which
are independent of sample concentration over a wide
dynamic range.
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